Late embryogenesis abundant (LEA) proteins are a diverse and large group of polypeptides that play important roles in desiccation and freezing tolerance in plants. The LEA family has been systematically characterized in some plants but not Brassica napus. In this study, 108 BnLEA genes were identified in the B. napus genome and classified into eight families based on their conserved domains. Protein sequence alignments revealed an abundance of alanine, lysine and glutamic acid residues in BnLEA proteins. The BnLEA gene structure has few introns (<3), and they are distributed unevenly across all 19 chromosomes in B. napus, occurring as gene clusters in chromosomes A9, C2, C4 and C5. More than two-thirds of the BnLEA genes are associated with segmental duplication. Synteny analysis revealed that most LEA genes are conserved, although gene losses or gains were also identified. These results suggest that segmental duplication and whole-genome duplication played a major role in the expansion of the BnLEA gene family. Expression profiles analysis indicated that expression of most BnLEAs was increased in leaves and late stage seeds. This study presents a comprehensive overview of the LEA gene family in B. napus and provides new insights into the formation of this family.
Drought stress is an abiotic environmental state that can affect the morphological, physiological and biochemical characteristics of plants and lead to reductions in crop productivity due to adverse effects on plant growth 1 . Signaling pathways that are activated in response to drought challenge include ionic and osmotic stress signaling, detoxification signaling, and signaling of cell division coordination 2 . The expression of many signal transduction genes has been observed; for example, significant drought stress can induce DREB2A over-expression in transgenic Arabidopsis 3 . The galactinol synthase (GolS) genes of Arabidopsis are induced by drought and play a role in the accumulation of raffinose family oligosaccharides (RFOs), which might act as osmoprotectants in drought stress 4 . Late embryogenesis abundant (LEA) proteins accumulate during late embryogenesis and contribute to drought tolerance 5 . In plants, LEA proteins are produced during the last period of seed development concurrent with dehydration. LEA proteins were first observed and studied in late-developing cotton seeds 6 and were subsequently identified in many other plants, such as rice, barley, wheat, maize, bean, sunflower 7 and Arabidopsis 8 . LEA proteins have also been identified in other species, such as nematodes 9 and chironomids (Polypedilum vanderplanki) 10 . Subcellular localization analysis has revealed that LEA proteins are mainly located in nuclear regions and the cytoplasm 11 . Although LEA proteins are mainly observed in plant seeds, they have also been detected in the seedlings, buds and roots of plants 7, 8 . In contrast to other proteins involved in desiccation tolerance, LEA proteins have no apparent enzymatic activity and likely act as protectants of biomolecules and membranes under stress conditions 11 . However, some studies have indicated that individual LEA proteins might function as . Because B. napus is a hybrid species, its genome contains many duplications as well as inversions and translocations 26 . Previous studies have mainly focused on the function of different LEA families, and an analysis of the evolution, distribution and origin of the LEA gene family in B. napus has not been reported. In this study, the LEA gene families in B. napus were identified, and the structure, evolution and chromosome location of BnLEAs were analyzed. This study provides a foundation for further studies of the functions of the LEA family in B. napus.
Results
Genome-wide identification of BnLEA gene families in B. napus. The genome-wide identification of LEA gene families in B. napus was based on homology with LEA genes from Arabidopsis identified using the CNS-Genoscope database. A total of 108 LEA genes were identified in the genome of B. napus and named BnLEA1 to BnLEA108 ( Table 1 ). The BnLEA genes were classified into eight families based on their conserved domain structures. The LEA_4, dehydrin and seed mature protein (SMP) families are the largest (25, 23 and 16 members, respectively) among the families (Fig. 1) . The LEA_2 and LEA_3 family include 10 and 13 members, respectively. Fewer than 10 members of the other families were identified. LEA genes were also identified in sixteen other species, including both lower and higher plant species ( Figure S1 ). Only two LEA genes were identified in the bacillariophyta. Vascular plants (except cotton) have more LEA genes than Physcomitrella patens, implying that LEA genes accumulated during the landing process 27 . Interestingly, in nearly half of the species containing LEA genes, the majority belong to the LEA_4 and dehydrin families, consistent with the predominance of the LEA_4 and dehydrin families in B. napus.
The physicochemical parameters of each LEA gene were calculated using ExPASy. Most proteins in the same family have similar parameters. BnLEAs of the dehydrin family contain a greater number of amino acid residues (except for BnLEA15) than the other LEAs. LEA_6 family members all have relatively low molecular masses (Table 1) . Approximately two-thirds of the BnLEA proteins have relatively low isoelectric points (pI < 7), including the LEA_2, LEA_5, LEA_6 and SMP families. The remaining proteins, particularly those in the LEA_1 and LEA_3 families, have pI > 7. The grand average of hydropathy (GRAVY) value was defined by the sum of the hydropathy values of all amino acids divided by the protein length (Table 1) . LEA_2 proteins are the most hydrophobic, and LEA_5 members are the most hydrophilic; these results are consistent with those of the LEA proteins in Arabidopsis 8 . Nearly all of the BnLEAs are hydrophilic, with a GRAVY value < 0, indicating that a large proportion of the LEA proteins are hydrophilic. Because low hydrophobicity and a large net charge are features of other LEA proteins 8, 28, 29 that allow them to be "completely or partially disordered", these proteins may form flexible structural elements such as molecular chaperones that contribute to the protection of plants from desiccation 30, 31 . TargetP and PProwler were used to predict the subcellular location of 108 BnLEA proteins; most of the BnLEA proteins were predicted to participate in the secretory pathway (Table S1 ).
Sequence alignment and phylogenetic analysis of BnLEA genes. To determine the similarity and homology of the BnLEA genes, sequence alignments were performed, and an unrooted phylogenetic tree of the 108 BnLEA genes was constructed (Fig. 1) . Gene pairs frequently appeared in the whole genome of B. napus (Fig. 1) . Little similarity was observed among the eight families. The sequences of the BnLEA genes of the LEA_6 family are most highly conserved (Table S2, Figure S3 ). By contrast, the BnLEA genes of the LEA_4 family feature only 17.5% consensus positions, and nearly no identical positions were observed (Table S2 , Figure S3 ). The other families exhibit moderate homology (Table S1 , Figure S3 ). Every family contains the conserved regions. The dehydrin, LEA_4, LEA_6 and LEA_1 families all contains three regions of homology. Two such regions were detected in the LEA_2 and LEA_5 families, and four are present in the LEA_3 family ( Figure S2 ). Interestingly, a large number of alanine residues is present in all LEA families. Lysine and glutamic acid are the second-and third-most abundant residues, respectively, in all BnLEA proteins. A large number of glycine residues are widely present in the LEA_2, LEA_5, LEA_6, SMP and dehydrin families ( Figure S2 ). These amino acids are also abundant in other LEA proteins and may contribute to the function of LEAs in the protection of many enzymes on the membrane 5, 19, 20 . Although the different families exhibit low similarity, they cluster into eight major clades (Fig. 1) . As expected, the BnLEA genes of LEA_3, LEA_2, SMP, LEA_6, and LEA_1 cluster into a separate branch. However, BnLEA14, which contains an LEA_4 domain, clusters into another clade, closer to the LEA_5 family (Fig. 1 ). The genetic relationship between BnLEA14 proteins and LEA_5 family proteins may have become closer during many years of evolution (Fig. 1) . The analysis demonstrated that although the LEA_1 and LEA_ 6 families contain different conserved domains, they might have evolved to a closer relationship during evolution. Forty sister pairs of genes were identified in the phylogenetic trees with very strong bootstrap support (100%). Another three pairs of genes also had relatively high bootstrap support (90-99%) (Fig. 1) . Most of the gene pairs had short branch lengths, suggesting recent divergence (Fig. 1) . These findings indicate that gene pairs are relatively common among the 108 LEA genes of B. napus. During evolution, the conserved areas have been preserved, but several variations have also occurred, enabling the division of some genes into subfamilies.
Structural analysis of BnLEA genes. To characterize the structural diversity of the BnLEA genes, exon-intron organization analysis of the individual BnLEA genes was performed, and some genes from each family used in the conserved domain analysis or motifs model structure were selected for further research. The majority of the LEA genes contain two or three exons, whereas members of the LEA_6 family have only one intron, and the 16 BnLEA genes have no introns (Fig. 2) . A high proportion of the introns in the BnLEA genes are in phase-0 (interrupted by exactly two triplet codons). All members of the LEA_5 family and some members of other families contain phase-1 introns (separated by the first and second nucleotides of a codon). Twenty-five phase-2 introns (split by the second and third nucleotides of a codon) were observed. The majority of phase-2 introns were observed in the LEA_3 family (Fig. 2) . Most of the closely clustered LEA genes in the same families have similar exon numbers and intron lengths. By examining the exon-intron organization and paralogous pairs of LEA genes that clustered together at the terminal branch of the phylogenetic tree, various exon-intron changes were identified. Six pairs of BnLEA genes exhibit exon-intron gain/loss variations (BnLEA15-BnLEA88, BnLEA16-BnLEA17, BnLEA44-BnLEA45, BnLEA104-BnLEA106, BnLEA103-BnLEA101, BnLEA62-BnLEA64), possibly due to a single intron loss or gain event during the long evolution process 32 . Because the 108 BnLEA genes did not share high similarity, several typical genes of each family were submitted to MEME for domain or motif structure analysis. Ten motifs were identified as conserved motifs. Motif 1, which was present in every family, encodes a conserved LEA domain, as indicated by the Pfam codes and WebLogo (Fig. 3) . Most of the closely related genes in each family exhibit similar motif compositions, suggesting functional similarities in the LEA family. Motif 1s of the LEA_2 family is the biggest motif. The LEA_6 family has the lowest number of motifs, only five or six (Fig. 3) . These results imply that the composition of the structural motifs varies among different LEA families but is similar within families and that the motifs encoding the LEA domains are conserved.
Chromosomal location and duplication pattern analysis of BnLEA genes. The chromosomal location of the LEA genes was analyzed, and the positions and chromosome locations of 96 BnLEA genes were clearly identified on the 19 chromosomes of B. napus (Table 1, Fig. 4 ). The number of BnLEA genes varies considerably among the different chromosomes, and chromosomes C3 and A6 contain the greatest (n = 12) and lowest (n = 1) numbers, respectively (Fig. 4) . In general, genes belonging to the same family are distributed in different chromosomes to realize full functionality. Interestingly, genes of the dehydrin and LEA_4 families are only located on chromosomes A7, C6 and A8, suggesting that these genes have a tendency to duplicate and evolve more conservatively within one chromosome. High-density LEA gene clusters were identified in certain chromosomal regions, e.g., at the top of chromosomes A9, C2, C4, and C5 and in the middle of chromosome C3 (Fig. 4) . Thus, the final chromosomal locations of the LEA genes may be the result of LEA gene duplication patterns.
Gene family expansion occurs via three mechanisms: tandem duplication, segmental duplication and whole-genome duplication (WGD) 33 . The progenitor diploid genomes of B. napus are ancient polyploids, and large-scale chromosome rearrangements have occurred since their evolution from a lower chromosome number progenitor 34 . Duplicated regions of the Arabidopsis genome occur 10 to 14 times within the B. napus genome 35 . Moreover, chromosomal gene location and homology synteny analyses have revealed that BnLEA genes are closely phylogenetically related to other Brassicaceae species (B. rapa, B. oleracea, Arabidopsis) and that Brassicaceae experienced an extra whole-genome triplication (WGT) event 32 . Tandem duplications and segmental duplications also played an important role in the model plant Arabidopsis 36 . We investigated gene duplication events to understand the genome expansion mechanism of the BnLEA gene superfamily in B. napus. Six tandemly duplicated genes (BnLEA43/BnLEA45, BnLEA12/BnLEA13, and BnLEA66/BnLEA65) located on chromosomes C3 and C5 were identified (Fig. 4, Table 1 ). All 108 BnLEA genes in the Brassica database were reviewed, and the results revealed that nearly two thirds of the BnLEA genes are associated with segmental duplications. Two loci (At1g32560 and At3g22490) have three copies involved in segmental duplications (Table 2 ). Comparing the distributions of genes around the LEA genes in the genomes of A. thaliana, B. oleracea, B. rapa and B. napus revealed that the synteny of the LEA_1, LEA_2, LEA_3, LEA_4, SMP and dehydrin families is preserved, along with some genes that were lost or duplicated ( Figure S4 ), whereas the synteny of the LEA_5 and LEA_6 families is poor.
Furthermore, the synteny maps of the genes in the clusters located in chromosomes A9 and C4 revealed the process of gene expansion and clustering (Fig. 5) . In chromosome C4, the genes in two A. thaliana chromosomes (chromosomes 2 and 3) were linked to B. oleracea genes and were accompanied by gene expansion in B. napus (Fig. 5A) . Among the analyzed genes, nearly half of them contained crossovers. In chromosome A9, the homologous A. thaliana LEA genes are distributed in all five Arabidopsis chromosomes. The clustering progress from A. thaliana to B. rapa is more obvious (Fig. 5B) , and all groups of genes linked to B. napus contain crossovers, suggesting that the crossover events occurred during the allopolyploidy progress. The BnLEA gene clusters likely formed via the duplication of an ancestral gene during the WGD event, followed by tandem duplication and segmental duplication in the clusters. In the cluster of chromosome C5, BnLEA66/BnLEA65 and BnLEA12/BnLEA13 are tandem duplication genes, although phylogenetic analysis regrouped BnLEA63 and BnLEA11 together with these genes, respectively, indicating that these genes might have descended from a common ancestor (Fig. 6A) . Moreover, in the gene cluster, BnLEA4 and BnLEA6 are associated with segmental duplication because they exhibitsynteny relationships with BnLEA3 and BnLEA5, respectively. Phylogenetic analysis also demonstrated that BnLEA3/BnLEA4 and BnLEA5/BnLEA6 are pairs of homologous genes, suggesting that the four genes might have descended from two ancestors. Interestingly, BnLEA3 and BnLEA5 are located in close proximity on chromosome A10, which implies that segmental duplication also played a role in LEA gene cluster formation (Fig. 6B) . Synonymous (Ks) and nonsynonymous (Ka) values were used to explore the selective pressure on duplicated BnLEA genes. In general, a Ka/Ks ratio greater than 1 indicates positive selection, a ratio less than 1 indicates functional constraint, and a Ka/Ks ratio equal to 1 indicates neutral selection 37 . The orthologous LEA gene pairs between the B. napus and A. thaliana genomes were used to estimate Ka, Ks, and Ka/Ks ( Table 2 ). The results revealed that most of the BnLEA genes have Ka/Ks ratios greater than 0.1. However, the lowest Ka/Ks ratio is only 0.0179 (BnLEA48), and the highest Ka/Ks ratio is 0.6434 (BnLEA3). The genes of the LEA_3 and LEA_6 families exhibit relatively high Ka/Ks ratios, whereas the LEA_2 and LEA_5 gene families have lower Ka/Ks ratios. The Ka/Ks ratios of the other families are 0.2-0.3. These findings indicate that LEA_2 and LEA_5 genes might preferentially conserve function and structure under selective pressure.
Expression profiles analysis of
BnLEA genes in different tissues. To investigate the expression pattern of LEA genes in B. napus, the qRT-PCR of BnLEAs genes were performed. The present results indicated that the accumulation of BnLEA genes was associated with different tissues, and the expression pattern also differed among each LEA gene family (Fig. 7) . Pair-wise genes showed similar expression pattern, further analysis revealed that the expression of more than two thirds of BnLEAs were increased in leaf, especially BnLEA91 and BnLEA43. Compared with the early developmental stage seeds (19 weeks after seeding), late stage developmental seeds (40 weeks after seeding) showed much higher expression level of BnLEAs, for example, BnLEA93 and BnLEA34. Leaves are sensitive tissues in stress environment, they become wilt or died in stress condition and affect the photosynthesis in plants 1 . Late developmental stage seeds frequently suffered from dehydration, the present reported high expression of BnLEA genes in the late developmental stage seeds was consistent with reported LEA protein function 7 . Interestingly, some phylogenetic gene pairs have different expression pattern (BnLEA7/BnLEA9, BnLEA25/BnLEA26, BnLEA60/BnLEA61, BnLEA91/BnLEA93). The result suggests even if these genes contain close phylogenetic relationship they may develop different biological function.
Discussion
LEA gene family has been reported in many crops, such as rice and maize 7 . However, the genome-wide identification and annotation of LEA genes has not been reported in B. napus. In this study, 108 LEA family genes were identified in B. napus. The BnLEA gene family is larger than LEA families in homologous crucifer plants, such as B. oleracea (40 LEA genes), B. rapa (66 LEA genes) and A. thaliana (51 LEA genes). B. napus originated from the hybridization of B. oleracea and B. rapa, and its assembled genome size is larger than that of B. oleracea (540 Mb) and B. rapa (312 Mb) 26 . The preservation of LEA genes during a polyploidy event suggests that these genes play important roles in plant development 7, 24, 27, 28 . In general, genes that respond to stress contain fewer introns 28 . Confirming this assumption, 92 of the 108 BnLEA genes have no more than two introns. Low intron numbers have also been observed in other stress-response gene families, such as the trehalose-6-phosphate synthase gene family 38 . Introns can have a deleterious effect on gene expression by delaying transcript production. Moreover, introns can extend the length of the nascent transcript, resulting in an additional expense for transcription 39 .
The motif numbers and composition of each family vary, although some amino acid-rich regions were detected, similar to the Gly-rich region in Arabidopsis LEA_2 proteins, and the most-conserved motif is rich in lysine (K) residues 8 . The amino acid composition of the LEA proteins suggests disordered structure along their sequences 5, 40 . Although LEA proteins are relatively small and intrinsically unstructured, they play important roles in cells 30 , likely by forming flexible, residual structural elements 30 , such as α -helical structures and polyproline II (PII) helices 41 . These elements contribute to structural flexibility and thus enable proteins to bind DNA, RNA, . Conformational changes may facilitate interactions between LEA proteins and other macromolecules, such as membrane proteins, to maintain cell stability 42 . These results demonstrate that LEA proteins feature unique conserved amino acid-rich regions and an unstructured form that allow LEA proteins to function as flexible interactors to protect other molecules under stress conditions 8, 30, 31 . Gene duplication not only expands genome content but also diversifies gene function to ensure optimal adaptability and evolution of plants 33 . Brassica species have undergone WGD events during their evolution 32 , and B. napus was formed by allopolyploidy 26 . Several independent lineage-specific WGD events have been identified in Brassicaceae 35, 43 . In this study, only 6 tandemly duplicated genes were identified, by contrast to LEA genes in Prunus mume (tandem duplication = 40%), perhaps because WGD did not occur in this species 29 . Most BnLEA genes showed a close relationship with respect to the block locations of Arabidopsis LEA genes. Phylogenetic and homology analyses suggested that WGD contributed to BnLEA gene family expansion. WGD has also been observed in the LEA family of another Brassicaceae species (Arabidopsis) 21 . The Arabidopsis genome contains 51 LEA gene family members 8 ; therefore, a WGT event would be expected to produce more than 150 LEA genes in the B. rapa or B. oleracea genome, ultimately leading to even more LEA genes in B. napus. However, only 108 genes remain in the B. napus genome. This new finding implies that more than 50% of duplicated LEA genes were lost after WGT, likely due to extensive chromosome reshuffling during rediploidization after WGT. In fact, natural selection drove the rediploidization process via chromosomal rearrangement, thus removing extra homologous chromosomes, and further rounds of genomic reshuffling of the rediploid ancestor occurred at different evolutionary time points to create the different species of Brassica 32 . The number of LEA genes was possibly sufficient for Brassica during the long natural selection process, and thus some duplicated LEA genes did not remain in the B. napus genome. Similar deletions or losses of genes after WGT have been observed in the NBS-encoding genes of Brassica species 44 . Segmental duplication also plays a role in BnLEA superfamily expansion, and 72 BnLEA genes were determined to have one or two close relatives in the corresponding duplicated regions. Therefore, 66% (72/108) of the BnLEA genes can be accounted for by segmental duplication. This finding is similar to observations of the LEA gene family of Arabidopsis (12 pairs of 51 genes) 8 . Synteny analysis demonstrated that most LEA gene family members are located in well-conserved synteny regions, and some genes were deleted or gained. These findings indicate that some genes might have been translocated into a non-syntenic region. Similarly collinear genomic regions with some deleted genes have been identified in other gene families 44 . These present and previous findings suggest that segmental duplications and WGD likely played an important role in the expansion of the LEA family in B. napus, even though some genes were lost after WGT. Tandem duplication was also identified but played only a minor role.
As discussed above, WGD and segmental duplication may be the main mechanisms underlying the expansion of the B. napus LEA gene family. During duplication, mutational targets may increase, and some genes are convergently restored to single-copy status 45 . In this study, genes of the A genomes from B. rapa and C genomes from B. oleracea exhibited greater homology to B. napus than to A. thaliana. A clustering phenomenon was also observed, accompanied by the loss or gain of some genes. Gene clustering has also been observed in the LEA gene families of other species 28 . Synteny analysis of LEA gene clustering in C4 and A9 revealed that some translocation Table S4 ). The color scale represents relative expression levels with increased transcript (yellow) or decreased transcript (purple). Early_stage seeds were got 19 weeks after seeding, late_stage seeds were 40 weeks after seeding.
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and inversion events occurred during the evolution of A. thaliana, B. rapa, B. oleracea and B. napus. These events may have been the result of chromosomal rearrangement during the evolution of Brassica 32 . The formation of LEA gene clusters might have been affected by the subgenome dominance effect, resulting in one subgenome that retained more genes via gene fractionation after WGT 32, 46 . This hypothetical BnLEA gene clustering mechanism is similar to that identified in the LEA family of Populus 28 . First, the WGD event promoted genomic reshuffling accompanied by chromosome reduction, which contributed to the speciation of diploid Brassica plants. Genomic differentiation of the three basic genomes then generated the stable allotetraploid species B. napus. Second, after WGD, biased gene retention via gene fractionation and multicopy gene appearance promoted the gene-level evolution of Brassica species 26, 32, 46 . This proposed mechanism of BnLEA gene cluster formation reflects both the WGD effect during the evolution of Brassica species and other duplications after WGD that resulted in the abundant morphotypes and genotypes of Brassica species.
Genomic comparison is a rapid means of obtaining knowledge about less-studied taxon 35 . Many studies have revealed that LEA genes contribute to abiotic stress tolerance, particularly to drought stress 7, 16 . According to the expression pattern of BnLEA genes in different tissues, it would be interesting to functionally characterize these genes in B. napus. As many BnLEA genes showed higher expression level in same tissue (leaf and late developmental stage seeds), which indicated the functional conservation of this gene family. Some of the BnLEA genes were more abundant in different tissues, which point toward their functional differences. Similar expression pattern were also observed in other gene families of Brassica species 44 . Therefore, existing knowledge on the function of LEA genes may explain why the LEA gene family expanded in terrestrial plants but not algae because algae are rarely exposed to drought stress 27 . LEA families with close taxonomic relationships generally exhibit similar scales and distributions. However, the scales of the LEA gene family differ in maize and rice. Due to variations in the evolutionary rates of the whole genomes of grasses, which are subject to broad changes in environmental conditions, maize exhibits divergence signals that are associated with directionally selected traits and are functionally related to stress responses. These results suggest that stress adaptation in maize might have involved the evolution of protein-coding sequences 47 . Additionally, these evolutionary changes probably led to the observed differences in the LEA gene families of maize and rice. In Brassicaceae, BrLEAs, BoLEAs and BnLEAs are homologous to AtLEAs. In the A. thaliana genome, chromosomes are divided into 24 blocks 48 . The chromosomal locations of the BnLEA genes exhibit a genomic block distribution similar to that of the LEA genes in A. thaliana 21 . B. napus inherited most of its genes in the homologous genomic blocks of B. oleracea and B. rapa. The chromosome evolution of Brassica plants involved these genomic blocks 32 . The WGT events promoted gene-level and genomic evolution, thus contributing to the diversification of Brassica plants 32, 48 . The evolution of LEA gene families in Brassicaceae is part of the long history of evolution of Brassicaceae species.
In conclusion, a total of 108 LEA genes were identified in B. napus and classified into eight groups. Chromosomal mapping and synteny analysis revealed that 108 BnLEA genes were distributed in all B. napus chromosomes with some gene clustering. Segmental duplication and WGD were identified as the main patterns of LEA gene expansion in B. napus. The BnLEA genes all contain the LEA motif and have few introns. Genes belonging to the same family exhibit similar gene structures, consistent with their Ka/Ks ratios. This current increases our understanding of LEA genes in B. napus and lays the foundation for further investigations of the functions of these LEA proteins in oilseed rape.
Methods
Identification of LEA family genes in B. napus and other species. LEA genes were identified in B. napus based on homology with the 51 LEA protein sequences from Arabidopsis 8 using the BLAT search program in the CNS-Genoscope database (http://www.genoscope.cns.fr/brassicanapus/) 26 . Redundant sequences were removed manually. All BnLEA gene candidates were analyzed using the Hidden Markov Model of the Pfam database (http://pfam.sanger.ac.uk/search) 18 , SMART database (http://smart.embl-heidelberg.de/) 49 , and NCBI Conserved Domain Search database (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) 50 to confirm that each gene was a member of LEA family. Using the Pfam nomenclature, the LEA gene family of B. napus was divided into eight groups: LEA_1 to LEA_6, SMP and dehydrin. A univocal name consisting of two italic letters denoting the source organism, the family name, and subfamily numeral for each gene was assigned to each LEA gene (e.g., BnLEA1).
To trace the evolutionary origin of the LEA gene family in plants, LEAs were identified in other plant species using Phytozome (http://phytozome.jgi.doe.gov/pz/portal.html) 8, 28 , including Oryza sativa, Zea mays, Gossypium hirsutum, Glycine max, Arabidopsis thaliana, Brassica rapa, Brassica oleracea, Selaginella moellendorffii, Physcomitrella patens, Thalassiosira pseudonana, Vitis vinifera, Populus trichocarpa and Setaria italica. Finally, sixteen species were chosen, including three green algae, a moss, two lycophytes, three gramineae, four cruciferae, grape, populus, cotton and soybean.
The number of amino acids, CDS lengths and chromosome locations of the BnLEA genes were obtained from the B. napus database. The physicochemical parameters, including molecular weight (kDa) and pI, of each BnLEA protein were calculated using the compute pI/Mw tool of ExPASy (http://www.expasy.org/tools/). GRAVY (grand average of hydropathy) values were calculated using the PROTPARAM tool (http://web.expasy. org/protparam/) 51 . Subcellular location prediction was conducted using the TargetP1.1 (http://www.cbs.dtu.dk/ services/TargetP/) server 52 and Protein Prowler Subcellular Localisation Predictor version 1.2 (http://bioinf.scmb. uq.edu.au/pprowler_webapp_1-2/) 53 .
Multiple alignment and phylogenetic analysis of BnLEA family genes. Multiple sequence alignment of all predicted BnLEA protein sequences was performed using ClustalW software. An unrooted phylogenetic tree of the 108 full-length LEA protein sequences was constructed using MEGA 6 with the Neighbor Joining (NJ) method, and bootstrap analysis was conducted using 1,000 replicates 54, 55 .
Gene structure analysis of BnLEA family genes. The exon-intron structures of the BnLEA family genes were determined based on alignments of their coding sequences with the corresponding genomic sequences, and a diagram was obtained using GSDS (Gene structure display server: GSDS: http://gsds.cbi.pku.edu.cn/) 56 . MEME (Multiple Expectation Maximization for Motif Elicitation) (http://alternate.meme-suite.org/) was used to identify the conserved motif structures encoded by the BnLEA family genes 57 . In addition, each structural motif was annotated using Pfam (http://pfam.sanger.ac.uk/search) 18 and SMART (http://smart.embl-heidelberg.de/) tools 49 . To confirm the gene structures, all 108 BnLEA gene sequences were queried against published transcriptome RNA-seq data from B. napus in the NCBI database using BLAST (all genes sequence were consistent with No. ERX515977, ERX515976, ERX515975, ERX515974, or ERX397800 transcriptome data) 26, 58 .
Chromosomal location and gene duplication of BnLEA family genes. The chromosomal locations of the BnLEA genes were determined based on the positional information obtained from the B. napus database. Tandemly duplicated LEA genes were defined adjacent to homologous LEA genes on B. napus chromosomes or within a sequence distance of 50 kb 44 . The synteny relationships between the BnLEAs and A. thaliana LEAs, B. rapa LEAs, and B. oleracea LEAs were evaluated using the search syntenic genes tool in BRAD (http:// brassicadb.org/brad/) 46 and synteny tools of the B. napus Genome Browser (http://www.genoscope.cns.fr/ brassicanapus/cgi-bin/gbrowse_syn/colza/) 26 
.
Calculation of the Ka/Ks values of BnLEA family genes. The LEA gene sequences of each paralogous pair were first aligned using ClustalW. The files containing the multiple sequence alignments of the LEA gene sequences were then converted to a PHYLIP alignment using MEGA 6. Finally, the converted sequence alignments were imported into the YN00 program of PAML to calculate synonymous and non-synonymous substitution rates 59 .
RNA extraction and qRT-PCR analysis. An RNAprep Pure Plant Kit (Tiangen) was used to isolate total RNA from each frozen sample and first-strand cDNA was synthesized from the RNA by using a PrimeScriptTM RT Master Mix Kit (TaKaRa) according to the manufacturer's instructions. Gene-specific primers were designed by using Primer5.0 (Table S3) . Each reaction was carried out in triplicate with a reaction volume of 20 μl containing 1.6 μl of gene-specific primers (1.0 μM), 1.0 μl of cDNA, 10 μl of SYBR green(TaKaRa), and 7.4 μl sterile distilled water. The PCR conditions were as follows: Stage 1: 95 °C for 3 min; stage 2: 40 cycles of 15 s at 95 °C and 45 s at 60 °C; stage 3: 95 °C for 15 s, 60 °C for 1 min, 95 °C for 15 s. At stage 3, a melting curve was generated to estimate the specificity of the reactions. A housekeeping gene (actin) constitutively expressed in B. napus was used as a reference for normalization and analzsed by using an ABI3100 DNA sequencer (Applied Biosystems; Quantitation-Comparative: ΔΔCT) 60 .
